We describe the preparation of NiCo2S4 (NCS) nanosheets on photolithographically patterned platinum electrodes by electrodeposition.
Introduction
Blood glucose measurements are important and necessary to manage diabetes. Most electrochemical commercial glucose sensors use enzymes that are immobilized on the electrode surface. However, enzyme based glucose sensors require particular operation conditions. In addition enzyme based biosensors have poor thermal and chemical stability, as the enzyme is highly sensitive to atmospheric condition [1] . In order to avoid these problems, recently non-enzymatic glucose sensors are being developed [2, 3] .
So far, various nanostructured materials like metal nanoparticles [4, 5] , metal oxides [6] , conducting polymers [7] and their hybrid materials [8, 9] have been explored as non-enzymatic glucose sensors. Carbon nanomaterials like carbon nanotubes [10] , graphene and their hybrid materials [11] [12] [13] have also been widely explored as sensor active material. Recently, transition metal dichalcogenides (TMDs) are emerging as an interesting material with widespread interest because of its exceptional electrochemical properties [14] . Traditional metal oxides (TMOs) [15] [16] [17] and transition metal hydroxides (TMHs) [18, 19] have been extensively investigated for the development of non-enzymatic glucose sensors. Compared to TMOs and TMHs, TMDs shows high electrical conductivity, which can increase the kinetics of electron transport, essential for an electrochemical reaction. However, there are few reports on the use of TMDs such as MoS2, WS2, SnS2 and CuS in electrochemical sensor applications [20] [21] [22] [23] Binary TMDs have attracted extensive attention because of their high electrical conductivity and electrochemical activity compared to mono TMDs. In addition, binary TMDs show enriched redox chemistry. Some binary TMDs, including NiMoS4, CoMoS4, NiCo2S4, MnCo2S4, ZnCo2S4 have been recently explored for supercapacitor, solar cell and photo-catalysis application [24] [25] [26] . Although binary TMDs have already been demonstrated for the abovementioned applications, there is no report on their electrochemical sensing properties. Thus, the present study explores the non-enzymatic glucose sensing properties of NiCO2S4 (NCS) nanosheets. NCS nanosheets were directly electrodeposited onto a photolithography patterned platinum electrode and the glucose sensing properties studied using cyclic voltammetry and chronoamperometric techniques.
Results and Discussion
Fig. S2 in ESI shows the photograph of the platinum electrode. Low and high magnification FESEM images of NCS nanosheets deposited on ITO are shown in Fig. 1a and b. The images show highly interconnected dense nanosheets of NCS with uniform distribution. The EDAX analysis data is shown in Fig. 1c . The data shows that the as-prepared film contains Ni, Co and S respectively. The atomic weight ratio of Ni, Co and S was estimated from the EDAX data and found to be ~ 1:2:4 suggesting the formation of NiCo2S4. Elemental mapping images of the as-deposited NCS nanosheets are shown in Fig. S3 (ESI) . The images show the presence of K edge signals of Ni, Co and S respectively. All images show even distribution of Ni, Co and S which further substantiates the uniform deposition of NiCo2S4 on ITO. Fig. S4 (ESI) shows an XRD pattern of bare and NCS coated ITO. We observed similar XRD patterns with no obvious difference for bare ITO and NCS coated ITO. This could be due to the very low thickness of the NCS film which was not detectable by XRD. Therefore, in order to confirm the surface elemental composition and chemical states of Ni, Co and S, XPS analysis was carried out. Fig. 2A -C shows XPS spectra for Ni 2p, Co 2p, S 2p levels and all the peaks are found to concur with those reported for NiCo2S4 [27] [28] [29] . In Ni 2p plot ( Fig. 2A) species present in the octahedral sites of NiO [30] . Similarly in Fig.  2b , the two peaks at 780.1 eV and 796 eV denotes Co 2p3/2 and Co 2p1/2 states, confirming the existence of species viz. Co 3+ and Co 2+ . The oxidation state of cobalt can be easily determined from the difference in the energy gap value of the main peaks and satellite peaks. For Co 2+ , the binding energy should be approximately 6 eV compared with 9 to 10 eV for Co 3+ [31] . In the present study, the energy gap is 6 eV confirming the presence of Co 3+ species. Further, the presence of sulphur is confirmed from Fig. 2C , in which the peaks at 163.2 and 161.8 eV correspond to S 2p1/2 and S 2p3/2 states. The peak at 163.2 eV can be ascribed to sulphuion present on the surface, while the peak at 161.8 eV is a typical characteristic peak of S 2-ions in the ternary metal sulphides [32] .
[ In order the analyse the interfacial property of NCS/Pt, electrochemical impedance spectroscopy (EIS) was performed in 0.5 mM K4[Fe(CN)6] solution containing 0.1 M KCl. Fig. 3 shows the Nyquist plots of bare and NCS/Pt. Bare Pt shows an inclined straight line while NCS modified Pt exhibits a depressed straight line. The charge transfer resistance (Rct) value of both the bare and NCS/Pt was calculated by fitting the experimental data with the standard electrical circuit, shown inset in Fig. 3A . The equivalent circuit consists of a solution resistance (Rs) with a double layer capacitance (C), charge transfer resistance (Rct) and Warburg impedance (W). Rct is the charge transfer property of the redox probe and for NCS/Pt this is 18 Ohm, smaller than bare Pt (45 Ohm). The decrease in Rct value is due to the high electrical conductivity of NCS which may help to increase the interfacial electron transfer thus leading to a high electrocatalytic activity. Fig. 3B shows CV data for bare and NCS/Pt measured in 0.1 M NaOH at a scan rate of 50 mV s-1. The data shows that bare Pt does not have redox peak in the potential range between 0.1 and 0.7 V, while NCS/Pt shows a pair of welldefined oxidation and reduction peaks implying that NCS possess good electrocatalytic properties. The presence of redox peaks can be attributed to the reversible reaction of NiCo2S4 in an alkaline medium, expressed as [33] NiCo2S4 + 2OH -+ H2O ↔ NiSOH +2CoSOH +e - The electrocatalytic property of NCS/Pt towards the oxidation of glucose was ascertained from CV measurements. Fig. 4A shows CV data for NCS/Pt measured in 0.1 M NaOH containing different concentrations of glucose ranging from 0 to 5 mM. In the absence of glucose, two peaks corresponding to the reversible redox reactions of Ni 2+ /Ni 3+ and Co 2+ /Co 3+ are clearly seen. Upon addition of 0.5 mM of glucose, the oxidation peak current increases. This the peak current increases with increasing glucose indicating that NCS/Pt possesses good electrocatalytic property towards the oxidation of glucose. The oxidation mechanism of NCS nanosheets towards glucose is described as follows: The Ni(II) species and Co (III) species present on the NCS nanosheets are converted to Ni (III) and Co (IV) due to an oxidation reaction, and in the present of glucose these oxidized species rapidly oxidizes glucose to gluconolactone, as [34] Ni (III) +Glucose → Ni (II)+gluconolactone (3) Co(IV)+Glucose →Co (III)+gluconolactone (4) A plot of oxidation peak current against glucose concentration shows two linear ranges between 0.5 to 2.5 mM and 3mM to 5 mM. The plot is shown inset in Fig. 4A. Fig. 4B shows the effect of scan rate on glucose oxidation for 0.1M NaOH with 1 mM glucose, at different scan rates. Both the oxidation and reduction peak current increases with increasing scan rate (in the range 10 -300 mV s -1 ). The data was used to create a plot of anodic and cathodic peak current against square root of the scan rate. This shows linear dependence on scan rate, suggesting that the electrochemical process is diffusion controlled. cm -2 (with linear correlation = 0.98). The limit of detection (LOD) and limit of quantification (LOQ) for the NCS/Pt glucose sensor, calculated as in [35] are found to be 1.2 μM and 3.8 μM respectively The effect of potential interfering molecules on the electrochemical oxidation of glucose was studied by performing chronoamperometric measurements at an applied potential of 0.5 V; the data is shown in Fig. 6A . Interferants such as dopamine, ascorbic acid, uric acid and ions such as K + , Na + , Zn + were used for the investigation. The addition of interfering molecules does no increase the current in the same way as Glucose, indicating that the NCS/Pt glucose sensor has good anti-interference property. Similarly, selectivity of the glucose sensor in the presence of other sugar molecules such as dextrose (d), fructose (F), lactose (L), sucrose (S) and trehalose (T) is good, as shown by data in Fig. 6B . From the Fig., it can be seen that sensor 10 times less sensitivity to these sugars than to glucose. The percentage increase in current is higher for glucose compared to dextrose and fructose. Furthermore, addition of sugars such as lactose, sucrose and trehalose does not influence the sensor response suggesting that NCS/Pt exhibits good selectivity towards glucose molecules. The stability of the NCS/Pt electrode was assessed by measuring the amperometric response over a long period of time. Fig. S5 in supporting information (ESI) shows the CA response of NCA/Pt towards 0.1 mM glucose in 0.1 M NaOH at an applied potential of 0.5 V over long period of time. As can be seen, the sensor exhibits stable response over a period of 65 min indicating good stability. The electrode was stored in refrigerator for two weeks at 5 °C and then it was tested to investigate storage stability. It was found that about 94% of the initial response was maintained. The sensor also showed reproducible current with relative standard deviation of 4.2% measured over five identical electrodes.
Conclusions
Nanosheets of NiCo2S4 (NCS) have been prepared on a photolithography patterned platinum electrode using a simple electrodeposition method, The formation of NiCo2S4 along with elemental and chemical composition were confirmed by characterization techniques such as FESEM, EDAX and XPS. A non-enzymatic glucose sensor has been developed using NCS modified Pt electrode as an active material.
The NCS/Pt glucose sensor showed excellent electrocatalytic activity with remarkable sensing performance, including high sensitivity, good stability and excellent anti-interference properties, making it an interesting material for the development of commercial glucose sensor.
Experimental Section
Nickel nitrate, cobalt nitrate, sodium thiosulfate and glucose were purchased from Sigma-Aldrich. Sodium hydroxide pellets were purchased from Fischer. All the chemicals were analytical grade and used as received. Millipore water was used to prepare solutions. (Zeiss Pvt. Ltd., Germany) equipped with energy dispersive X-ray spectroscopy (EDAX). X-ray photoelectron spectroscopy (XPS) was
